Crystallography or X-ray fluorescence experiments which require good signal to noise ratios and high position resolution can take advantage of the outstanding signal amplification capabilities of MicroPattern Gaseous Detectors (MPGDs) such as Gaseous Electron Multipliers (GEMs) coupled with the position resolution achieved by optical readout realized with CCD or CMOS cameras. Increasing the detection probability of incident radiation with thicker drift volumes in these detectors leads to a spatial resolution-limiting parallax error when employing parallel electric field lines in the drift region.
Introduction
Structural analysis methods such as crystallographic studies by X-ray diffraction or X-ray fluorescence imaging require radiation detectors, which can combine excellent position resolution with strong signals. MicroPattern Gaseous Detectors (MPGDs) such as Gaseous Electron Multipliers (GEMs) [1] have been proven to allow for strong signal amplification as well as a good inherent position resolution [2] and are employed in a number of fields ranging from high energy physics [3, 4] and imaging applications [5, 6] to medical radiography [7, 8] .
Recent developments in imaging sensors have made optical readout of MPGDs an attractive concept for achieving high position resolution coupled with reduced sensitivity to electronic noise and a simple way of obtaining visual representations of ionizing radiation without the need for complex front-end electronics and extensive reconstruction algorithms. Several studies and developments demonstrate the potential of the combination of optical readout with MPGDs [9] [10] [11] .
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In the application of gaseous detectors for X-ray crystallography or X-ray fluorescence, a limiting factor is the value of the absorption length, which increases with photon energy. The ensuing lower efficiency can be compensated by the use of thick conversion layers; for non-parallel photon fields, however, this introduces a substantial parallax error resulting in loss of resolution. This error is caused by the uncertainty in the depth of the initial ionization in the gas by the incident radiation in the case of parallel electric field lines as shown schematically in Fig. 1(a) .
In an Ar-filled detector at 1 bar, at an incidence angle of ten degrees to the normal, the parallax error is 5 mm for a 3 cm drift gap, while providing a modest 20% efficiency for 10 keV X-rays. This has to be compared to the sub-mm intrinsic resolution of modern MPGDs [12] . Operating at high pressures or with heavier gases such as Kr or Xe reduces these errors but results in technical complications and higher costs.
The parallax error can be reduced by the use of special cathode geometries but remains substantial [13] . A way to overcome the problem is to record the time of the conversion from the gas scintillation emitted in the primary interaction and deduce the penetration depth from a measurement of the drift time of the ionization electrons. Owing to the small photon yield of the process, this has been successfully achieved only in Xe-filled devices such as the scintillating drift chamber, consisting of a gaseous counter coupled to a photomultiplier detecting both the primary fluorescence and the secondary emission during charge multiplication in high fields [14] . A similar approach constitutes the basis for detection of small energy losses in liquid-Xe time projection chambers designed for rare events physics [15] . The development of GEM detectors with a thin-layer CsI photocathode deposited on the electrodes, sensitive to UV photons above 5.8 eV, has permitted to demonstrate the possibility of recording the time of conversion and detecting the primary scintillation as well as the main ionization charge within the same structure [16] . Requiring a Xe filling, however, the approach remains limited in applications.
Alternatively, the parallax error can be mitigated by constructing a detector with radially focused electric field lines in the conversion volume between a semi-spherical cathode and a mesh. In this case, the ionization charge can subsequently be transferred to a planar amplification structure using a multiwire proportional chamber [17] . Such a device named a spherical drift chamber was successfully used for many years in the analysis of macromolecules by studying X-ray diffraction patterns [18] .
A recent development makes use of thermally deformed spherical GEM electrodes to achieve radially focused drift field lines and minimize parallax-induced broadening [19] . In addition to manufacturing difficulties, the spherical GEM foils require specially designed readout electronics and are not ideally suited for optical readout.
While all these previous developments have employed electronic readout and were limited by manufacturing or technical difficulties, we present an experimental demonstration of the simplicity and versatility of combining a planispherical GEM detector achieving radially focused drift field lines with segmented electrodes as shown in Fig. 1 (b) with optical readout to realize a fast and stable detector with minimized parallax-induced broadening, which is well-suited for X-ray diffraction and fluorescence imaging applications. Furthermore, the presented design also allows for adjustable focal lengths for increased flexibility and universality.
Experimental methods
Two segmented GEM foils, a segmented cathode together with a segmented field shaper and a borosilicate viewport below the second GEM were assembled around a circular POM frame forming the gas volume of the detector, as shown in Fig. 2(a) . The segmented GEMs feature five separated ring-shaped electrodes, a circular active region with a diameter of 10 cm and holes with a diameter of 70 μm at 140 μm pitch and were manufactured with a double mask etching technique. The connections to the individual electrodes were routed asymmetrically to the outside of the active detector volume to allow for a minimal dead area due to solid Cu tracks when operating in a dual-GEM setup. Fig. 2(b) shows a schematic representation of the employed GEM layout; Fig. 2 (c) is a picture of the assembled detector.
The ring-shaped segments of the cathode and of the first GEM as well as the field shaper were connected at graded potentials with values determined so that the field lines in the 25 mm thick drift region radially focus on a point 10 cm away from the cathode. Designing each ring with a different width with thinner rings on the outside, a voltage divider with equal resistors between sectors could be used to power the GEMs. Resistor chains with selected resistor combinations and multiple power supply channels were used to bias all sectors with the potentials determined by simulation to result in optimized radial drift field lines, while retaining the flexibility to modify amplification and transfer fields easily. While the segments of cathode, field shaper and first GEM were all at different potentials, the second GEM was used in planar mode, i.e. all segments at the same potential, since only a small and correctable distortion is induced by the moderate nonuniformity of the transfer field between the two GEMs. Use of two GEM foils in cascade permits to obtain large photon yields at moderate operating voltages, thus increasing the safety and stability of operation [1] .
A six megapixel CCD camera with a cooled image sensor featuring 4.54 × 4.54 μm 2 pixels was placed in a light shielding tube below the borosilicate viewport facing the bottom of the second GEM and used to record the secondary scintillation light emitted during avalanche amplification in the holes of the second GEM. The detector was operated in open gas flow mode with an Ar/CF 4 (80/20% by volume) gas mixture at 1 bar since CF 4 has a secondary scintillation spectrum [20] , which closely matches the quantum efficiency of the employed CCD camera.
To verify gain uniformity across the active area and compare it to the case of a standard drift field configuration, flood exposures with parallel incident radiation irradiating the whole GEM area were taken with a Cu X-ray tube. To demonstrate the parallax-free operation of the planispherical detector and as shown in Fig. 3 , a setup consisting of a point-like 55 Fe X-ray source placed in the focal point of the radial drift field lines irradiating a 0.2 mm thick Cu disk with 0.5 mm diameter holes spaced by 5 mm or 10 mm in a crosshair pattern was used to demonstrate the difference in the detector response when using straight or radial drift field configurations. Also, simple fluorescence images were taken with a grid of vertical and horizontal Cu lines spaced by 5 mm irradiated with 20 keV X-rays positioned at an angle in front of the detector with a pinhole in the focal point of the radial drift field lines for focusing the emitted characteristic Cu X-rays, as shown schematically in Fig. 4. 
Results and discussion
The uniformity of the gain and electron collection across the active area of the GEM was verified by flood exposures with parallel Cu X-rays. A comparison of flood exposures for straight and radial drift fields is shown in Fig. 5 . When the GEMs are operated with the ring-shaped electrodes connected together to create a straight drift field, the signal intensity expressed as the grayscale value in the shown CCD images across the active area of the GEM is approximately uniform with the exception of vignetting and some nonuniformity of the beam profile. When using a radial drift field, the potential differences between neighboring ringshaped electrodes create an intensity gradient across each electrode, which peaks at the inner border and has a minimum at the outer one. This can be attributed to unbalanced electron collection in the vicinity of the insulating regions between electrodes, which are at different potentials. To create a radial drift field, electrodes on the outside are biased more positively, which leads to electrons drifting towards the insulating regions between electrodes being preferably collected by the outer electrode. A horizontal line profile of the flood exposure in radial field configuration as shown in Fig. 5(b) across the active area of the GEM is shown in Fig. 6 .
The distortions on the edges of the sectors arise from the discrete voltage steps between individual segments of the electrodes. Employing image processing algorithms or a greater number of narrower electrode segments, these distortions could be corrected for or minimized.
A standard drift field with parallel electric field lines perpendicular to the cathode results in significant distortions in the representation of a crosshair hole pattern, as shown in Fig. 7(a) . When biasing each ring-shaped electrode individually and creating radial drift field lines focused at the location of the radiation source, the parallax error is minimized and a non-dispersive and better focused representation of the hole pattern is obtained, as shown in Fig. 7(b) .
Both images in Fig. 7 are shown with the same grayscale value range. The significantly better signal-to-noise ratio and the fact that it is preserved in off-center regions of the active area in the image obtained with a radial drift field is due to the reduced broadening of the spots of the hole pattern mask.
Horizontal line profiles of the grayscale value in the two images shown in Fig. 7 along the central line of holes demonstrate the broadening due to the parallax error and the associated low signal-to-noise ratio for the case of straight drift field lines, as shown in Fig. 8 .
While the width of the signal spots from the hole pattern increases with increasing distance from the center of the GEM in the case of a straight drift field, the sharpness of the dots stays the same across the whole width of the GEM when using a radial drift field focused at the source.
A comparison of the two line profiles in Fig. 8 also displays a strong decrease in signal amplitude in the straight drift field configuration, which is less pronounced in the radial drift field configuration. The remaining decrease in signal amplitude in the outer region of the GEM for the case of a radial drift field can be attributed to vignetting introduced by the lens of the CCD camera. For the case of a straight drift field, the broadened signals in off-center regions also display interruptions caused by non-active regions on the GEM due to the 200 μm wide insulating regions between the individual ring-shaped electrodes.
The minimization of the parallax-induced signal broadening is of crucial importance for X-ray fluorescence imaging applications. A Cu grid with horizontal and vertical lines with a pitch of 5 mm was irradiated and excited with 20 keV X-rays to induce characteristic Cu X-ray emission. The emitted fluorescence radiation was imaged with the planispherical GEM detector through a pinhole in the focal point of the radial drift field lines. A comparison of fluorescence images acquired with standard parallel drift field lines and radially focused drift field lines is shown in Fig. 9 .
The thick drift region results in significant parallax-induced broadening of the lines of the grid in the image acquired with a standard parallel drift field configuration. This results in strongly limited position resolution in the off-center regions of the detector and makes it hard to distinguish individual vertical grid lines. Switching to radially focused drift field lines, a significantly improved fluorescence image as shown in Fig. 9(b) can be recorded which accurately depicts the grid lines even in the outward regions of the active area and allows the distinction of vertical grid lines.
Conclusion
A planispherical GEM detector based on two segmented GEMs and a segmented cathode as well as a drift field shaper was operated to compare the parallax error for straight and radial drift field configurations. The radial field minimizes the parallax error introduced by the uncertainty in the ionization depth in thick drift volumes and results in a correct representation of radially incident X-rays. Fluorescence image quality is significantly improved by radially focused drift field lines with geometric features and signal-to-noise ratio preserved even in offcenter regions of the active area of the detector. The planar geometry of the GEMs in the detector is ideally suited for optical readout. The combined features of avoiding the parallax error with a radial drift field and keeping a planar GEM geometry suitable for optical readout permit its use in applications requiring thick drift volumes and good position resolution such as X-ray crystallography or fluorescence. The design can be readily modified to allow for a dynamically tunable focal length of the radial drift field lines by using ring-shaped electrodes with equal widths and tuned sets of resistors in the high voltage divider chains. The radially focused drift field lines of the planispherical GEM allow distinction of grid lines even in the off-center regions of the detector and increase signal-to-noise ratio.
Additionally, switching to a higher number of narrower sectors may minimize nonuniformities caused by unbalanced electron collection close to the insulating gaps between electrodes. The described design can be easily scaled up in size due to the optical readout by a CCD or CMOS camera and provides a convenient way to minimize the effect of the parallax error in MPGD-based detectors.
